A bacteriophage containing DNA and which is active on Caulobacter vibrioides CV6 has been shown to attach to the flagellum of the motile cell type. Attachment to the flagellum appears to be a necessary preliminary step to irreversible attachment to the cell wall at the base of the flagellum. The possible use of such a phage in the study of cellular differentiation in this diphasic bacterium is suggested.
INTRODUCTION
Isolates of the genus Caulobacter are susceptible to bacteriophages containing both DNA and RNA (Schmidt & Stanier, t965; Szeyko & Gerencser, x967) . Schmidt (1966) showed that three Caulobacter bacteriophages containing RNA adsorbed to and infected only piliated cells, and that only the non-stalked motile cell (the swarmer) produced pill. Shapiro, Agabian-Keshishian & Bendis (I97I) presented evidence that cell-wall receptor material for Caulobacter DNA phage ~ CbK is present only in the lipopolysaccharide portion of the cell wall of swarmers but not stalked cells. During a study of abortive phage infection, we noted that a large percentage of the cells of a susceptible culture were resistant to infection by DNA phage 46 (Jollick & Gerencser, I969) , and in a later report (Jollick, 1972) presented evidence that only the swarmer cells were infected by phage 46. Upon initial observation, the differential sensitivity of cell types that we observed appeared to be similar to that reported by Shapiro. However, we saw in electron micrographs that phage appeared to attach first to flagella. Meynell (I96I) showed that phage q~x, which had been reported to infect only motile bacteria, initiated infection by first adsorbing to the flagellum. Schade, Adler & Ris 0967) showed that phage ~x attaches to the flagella of Escherichia coli by means of a single tail fibre, then moves to the cell wall of the bacterium and adsorbs at the base of the flagellum. Joys 0965) reported that phage PBSI was specific for motile strains of Bacillus subtilis and Eiserling (I967) showed that phage PBSI was a flagella specific phage. In this report we demonstrate that phage 46, as do phages ~x and PBSI, initiates infection by adsorption to the flagellum and then adsorbs to the cell wall only in the area immediately adjacent to the base of the flagellum. Since Caufobacter has been proposed as a model for the study of cellular differentiation (Shapiro et al. I97I ; Jollick, I972) , and this phenomenon is the property of only one of the two cell types present in a CauIobacter population, it may serve as a useful tool in such a study.
METHODS
Bacterial cultures and bacteriophage. Caulobacter vibrioides CV6 and phage 46 were obtained from the collection of V. F. Gerencser 0967). Media and growth conditions. The peptone yeast extract (PYE) medium of Poindexter (I964) was used in all experiments. All dilutions and phage adsorption determinations were in PYE or o.oi M-ammonium acetate, pH 7"4. All incubations were at 3o °C.
Phage assay and propagation. Viable phage titres were determined by the agar layer method of Adams (I959). Phage stocks were propagated in PYE broth cultures of CV6. Crude lysates were treated with deoxyribonuclease and ribonuclease at a final concentration of IO #g/ml for 6o min at 3o °C. Lysates were then filtered through a o.45 #m membrane filter, then purified and concentrated by alternate cycles of high (7oooo g) and low speed 0200o g) sedimentation. The final pellet was resuspended in o.oI M-ammonium acetate at 4 °C overnight.
Phage adsorptions. The adsorption of phage q~6 to CV6 was determined by assay of infectious units not sedimented by low-speed centrifuging as described previously (Jollick & Gerencser, I973) .
Mechanical removal of flagella and inhibition of flagellar synthesis. The flagella of an 18 to 24 h PYE broth culture of CV6 were removed by shearing in a Servall omnimixer for 30 s at 15oo0 rev/min. To prevent resynthesis of flagella in sheared cells, the suspension was immediately sedimented by centrifuging and the pellet resuspended in PYE broth with chloramphenicol (CMP) at a concentration of Io #g/ml.
Isolation of flagella, Flagella suspensions were obtained by mechanical removal as described above, then purified by alternate cycles of high-and low-speed centrifuging.
Selection of phage-resistant mutants. Phage 46 was added to 6 h PYE broth cultures of CV6 at a multiplicity of infection of I.o. The mixture was incubated at 30 °C for 24 h and then diluted and plated on PYE agar. Isolated colonies were picked and checked for phage resistance and motility.
Inhibition of motility. Motile cells of CV6 cultures were immobilized by addition of KCN
at a final concentration of o.oI M. Motility was determined by phase-contrast and darkfield microscopy.
Electron microscopy. Specimens were prepared from ammonium acetate suspensions in all cases. Ammonium acetate had been shown earlier to be a satisfactory phage adsorption medium. Specimens were pseudo-replicated on carbon stabilized nitrocellulose membranes on 4oo-mesh copper grids, then stained with cobalt substituted phosphotungstate.
RESULTS

Adsorption of phage to CV6 after mechanical removal of flagella
The preliminary examination of cell-phage mixtures by electron microscopy suggested the role of the flagellum in phage 46 infection. The phage adsorbing capacity of cells whose flagella were removed by shearing was greatly reduced. However, if such cells were placed in growth medium, phage-adsorbing capacity was gradually restored. Microscopic examination of the cell suspension immediately after shearing showed a complete cessation of motility in most cases. However, after 6o min in growth medium, motility was restored. Sheared cells which were resuspended in PYE + CMP did not regain motility nor did phage adsorbing capacity increase with time. Intact cells resuspended in PYE+CMP adsorbed phage to the same extent as untreated control cells and intact cells in CMP remained motile through at least 6o rain. Table I shows the averages of repeated determinations of phage adsorption under the several conditions described. The unadsorbed phage (percentage-free phage) was determined after 3o min incubation of the cell-phage mixtures. After shearing treatment, cells were incubated from o to I2o min in the growth medium or growth 
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medium + CMP and phage adsorption capacity tested at the times indicated. Viable counts before and after the shearing procedure were virtually the same and, as the 'control+ CMP' column in Table I indicates, CMP had no effect on phage adsorption even after 12o min incubation of the cells. A comparison of phage adsorption to sheared and nonsheared cells shows the gradual reacquisition of capacity to adsorb phage by the sheared cells with no CMP and the constant suppression of capacity by the sheared, CMP-treated cells. 94"0 * Post-shearing incubation in the appropriate medium was I2o min before addition of phage or phageflagella mixture. Fig. 2 . Phage ~b6. The long-flexible tail ends in a three-spiked structure. A thin fibril can be seen emerging from the central spike.
Adsorption of phage 956 to CV6 after immobilization of the cells with KCN
Meynell (I96I) showed that immobilized cells of Salmonella would not adsorb phage 95x even though the flagella were intact. We had shown earlier (Jollick & Gerencser, i973 ) that phage 956 would not a d s o r b to cells killed by various treatments including treatment with sodium or potassium cyanide. U p o n addition of K C N to actively motile CV6, we saw the complete cessation of motility within 4 rain, and the cells lost the capacity to adsorb phage as seen in Fig. t . It can be seen that C M P in the a d s o r p t i o n m e d i u m has no effect on the rate of adsorption.
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Isolated flagella
Meynell 096I) suggested that flagella may in some way activate the phage prior to irreversible adsorption to the cell wall. We reasoned that if~6 could be activated by isolated flagella, it might then adsorb to sheared, CMP-treated cells. We performed experiments similar to those represented in Table ~ . However, we used phage that had been preincubated with isolated purified flagella. Table 2 shows typical results of such experiments. It can be seen that pre-incubation of phage with flagella does not permit adsorption to flagella-less cells nor does it affect adsorption in any other case.
Phage-resistant mutants
Numerous phage-resistant isolates were obtained by our selection procedure. When the survivors of the infected culture were plated, two colony types were observed. The predominant type was a translucent grey-white colony typical of the colonies produced by CV6 on PYE agar. The other was a dense, opaque, white colony. Wet mounts of both types were examined by phase contrast and darkfield microscopy. The predominant type was a typical motile Caulobacter while the cells of the dense colony were non-motile. The nonmotile isolates proved to be very unstable for that characteristic, and consistently appeared motile after z 4 h incubation in PYE broth. When subcultured to solid medium, the original grey-white colony was seen. Stable phage-resistant mutants were obtained from both colony types.
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Electron microscopy
Initial examinations of phage ~6-CV6 mixtures by electron microscopy showed phage adsorbed only to the motile non-stalked cells. In numerous preparations we have not seen phage adsorbed to stalked cells. Fig. 2 shows the typical morphology of phage q~6. The tail structure of the phage appears to have three short spikes and occasionally we see what appear to be very fine fibriles emerging from the central spike. We consistently see phages which appear to be adsorbed to the flagellum as in Figs. 3 and 4 . Also phages are seen adsorbed to the cell wall of the motile cells only in the area immediately adjacent to the flagellum. As many as seven phages have been observed on one cell. Fig. 5 is typical of the final adsorption of phage q~6 to CV6.
DISCUSSION
Earlier observations of Caulobacter phage-host interactions led us to propose that only one of the two cell types in the life-cycle of Caulobacter was susceptible to phage 46 (Jollick, ~972) . Based on the events in the life-cycle as described by Poindexter 0964) and our subsequent observations, it was reasonable to propose that the motile cell, which is the antecedent to the stalked form, was probably the phage-susceptible stage. In this report we present evidence that phage 46 initiates infection of Caulobacter vibrioides CV6 by attaching to the single polar flagellum of this stalked bacterium. Removal of flagella by mechanical shearing temporarily renders the motile cells resistant to infection by phage 46. When placed in suitable growth medium CV6 gradually reacquires the capacity to adsorb phage and concomitantly regains motility. When flagellar resynthesis is inhibited by incubation in chloramphenicol, the cells do not regain the capacity to adsorb phage nor do they exhibit motility.
The pre-incubation of phage and flagella in the experiments described in Table 2 was performed for two reasons : first, we wished to determine if isolated flagella would inactivate the phage, indicating a non-reversible binding of phage to flagella, and secondly, to examine the possibility that contact with the flagellum might activate the phage for adsorption to the cell wall. It is evident from our data in Table 2 , that phage 46 does not adsorb irreversibly to the isolated flagella because pre-incubation of phage and flagella does not detectably alter the number of recoverable infectious units in a phage suspension. Phage activation by isolated flagella does not occur based on the determination of unadsorbed phage remaining in the supernatant fraction (percentage free phage) when phage pre-incubated with flagella is added to sheared cells in chloramphenicol as seen in Table 2 .
We have also demonstrated that temporarily immobilizing the intact cells by KCN renders them insensitive to the phage but that cell viability is still retained if removed from the KCN within 6o min, and cells gradually become motile and susceptible to the phage. Intact cells in the presence of chloramphenicol retain active motility for at least 60 min and adsorb phage as efficiently as cells in the usual adsorption media. These data are consistent with the results of Meynell (t96i) with phage ~x. We agree with her conclusion that active movement of the flagellum is required for the attachment of the phage and that motility is required for the irreversible adsorption of phage 46 to CV6. The irreversible reaction most likely occurs at the cell wall near the base of the flagellum and the rapid motion of the flagellum is probably required for propelling the phage from distal points on the flagellum to the cell wall. It appears that the flagellum serves to direct or orient the phage for attachment to the cell-wall receptor sites located near the flagellar base.
Electron microscopic observations support the contention that phage 46 is flagella specific. We have examined many preparations of phage 46 and its host and have never seen phage adsorbed to the mature non-motile stalked cell nor have we seen phage adsorbed to the motile cell at any site other than the flagellum and the flagellar end of the cell. We consistently observe phage in proximity to the flagellum with the tail oriented to the flagellum. We also see as many as seven phage adsorbed to the cell wall near the flagellum.
Based on these data and observations we conclude that flagella are necessary for infection by phage ~b6. Host specificity of the phage probably resides in part in the flagellum because phage ~6 will not adsorb to many other motile strains of Caulobaeter nor to motile cells of other genera of bacteria tested.
Shapiro and the present authors have proposed that Caulobacter be considered as a model for the study of cellular differentiation. The occurrence of a flagellar phage for Caulobaeter is of special significance in that respect because only the immature cell type is motile, hence only a well-defined member of the population is phage susceptible. The use of a flagella specific phage as well as phage ~SCbK which adsorbs to the cell wall of only one cell type and RNA phage ~Cb5 of similar activity can, as Shapiro points out, be an especially useful tool for such a study.
